ABSTRACT: Stomach contents of potential predators from a flatfish nursery ground on the Scottish west coast were examined visually and probed using a TaqMan real-time PCR based assay designed to detect plaice Pleuronectes platessa DNA. Stomachs from 1137 brown shrimp Crangon crangon, along with a lesser number of shore crab Carcinus maenas, grey gurnard Eutrigla gurnardus and Gobiidae were analysed. Overall 45% of shrimp tested positive for plaice DNA, a proportion considerably higher than in stomachs containing visually identifiable flatfish remains. When scaled to the population level, predation by shrimp generated an estimated mortality of 9% d . The discrepancy between mortality estimates based on molecular and catch-curve analysis might be due to sampling being conducted at low water between dusk and dawn, which would concentrate predators and prey at times coincident with peaks of shrimp feeding. In addition, the sensitivity of the TaqMan assay could have led to some over-estimation because non-fatal interactions may also have been detected, e.g. shrimp are known to nibble the fins of flatfish, that might result in a positive TaqMan result but not necessarily in mortality for the fish. The percentage of shrimp testing positive for presence of plaice DNA in their stomachs was also related to plaice density in a positive, linear manner. For less abundant predators, stomachs of 6% of shore crabs, 40% of gurnards and 11% of large gobies also tested positive.
INTRODUCTION
Although year-class strength in plaice Pleuro nectes platessa is thought to be largely determined during the planktonic stages (Bannister et al. 1974 , Beverton & Iles 1992 , Ellis & Nash 1997 , van der Veer et al. 2009 ), post-settlement processes also play an important role in fine-tuning eventual recruitment success (Iles & Beverton 2000 , Nash & Geffen 2000 . Predation by brown shrimp Crangon crangon is thought to be a particularly important source of mortality on recently settled plaice (van der Veer & Bergman 1987 , Burrows et al. 2001 , Amara & Paul 2003 . As the fish grow they become less vulnerable to shrimp predation , and as an implication, shore crabs Carcinus maenas (van der Veer & Bergman 1987 , Amara & Paul 2003 , other fish (Ellis & Gibson 1995 and birds (Leopold et al. 1998 ) are thought to become increasingly important sources of mortality.
Most studies on predation of fish have been based on visual identification of prey remains in predator stomachs, but identifying partially digested prey can be difficult , Ansell et al. 1999 . Oh et al. (2001) , for example, grouped all fish remains together whilst and Ansell et al. (1999) were unable to identify juvenile flatfish remains below family level. Bony parts, such as fin-rays and otoliths, are more resistant to digestion and can often be recovered from the stomachs of predators, and this method has been widely applied to diet studies of marine mammals (Labansen et al. 2007 ) and seabirds (Hamer et al. 2007) . Otoliths from older fish can often be identified to species on the basis of their unique shapes (Granadeiro & Silva 2000) , but assigning otoliths from very young fish to the species level is usually impossible. For example, van der Veer & Bergman (1987) assigned fin-rays and otoliths in shrimp and crab stomachs as plaice, but only because there were no other juvenile flatfish species present in the area. At other locations, such as Tralee Beach on the Scottish west coast, juvenile plaice, flounder and dab co-occur . Although there is some differentiation in timing of settlement and depth preference between these species (Burrows et al. 1994) , overlap in the diets of predators is likely.
Modern molecular methods offer an alternative approach to the identification of prey remains that is potentially more rapid and species specific than visual identification (Symondson 2002 , King et al. 2008 . Several molecular studies of predator stomach contents have employed immunoassays (Bailey et al. 1993 , Taylor 2004 , 2005a but these are expensive to develop so most studies have used DNA-based methods. Using standard PCR, Asahida et al. (1997) were able to detect stone flounder Kareius bicoloratus DNA in shrimp Crangon affinis stomachs, whilst Saitoh et al. (2003) studied the range of predators consuming hatchery-reared Japanese flounder Paralichthys olivaceus in the wild. Positive results were obtained from a range of organisms including a cephalopod Sepioteuthis lessoniana not previously recognised as a predator on juvenile flounder. Other applications of molecular methods to study marine diets include work on copepods (Nejstgaard et al. 2003) , appendicularians (Troedsson et al. 2007 ), squid (Braley et al. 2010) , fish (Rosel & Kocher 2002 , Smith et al. 2005 , Barnett et al. 2010 ) and seals (Deagle et al. 2009 , Marshall et al. 2010 .
The aims of the present study were to use a newly developed TaqMan real-time Polymerase Chain Reaction (PCR) based assay to evaluate the levels of predation experienced by recently settled plaice at Tralee Beach. Although the range of predators capable of taking post-settlement flatfish at this site is well known (Gibson et al. 1993 , Ansell et al. 1999 , there remains considerable uncertainty about the total impacts of different predators on the flatfish (Burrows et al. 2001) . The study also compared results from the molecular analysis with those from previous studies based on visual stomach-content analysis.
MATERIALS AND METHODS

Study area and sample collection
Tralee Beach is situated in Ardmucknish Bay on the west coast of Scotland (56.48°N, 5.42°W). The beach is well known as a flatfish nursery and has provided the location for several ecological studies (e.g. Gibson et al. 1993 , 2002 , Burrows et al. 1994 , Ansell et al. 1999 .
Pilot sampling was undertaken during spring 2008 (data not shown) and confirmed that stomach fullness of brown shrimp tended to peak shortly after dusk and dawn and stomach fullness of shore crabs peaked around midnight, in accordance with previous literature reports (Pihl & Rosenberg 1984 , Ansell & Gibson 1993 , del Norte-Campos & Temming 1994 , Ansell et al. 1999 . Since brown shrimp are thought to be the main source of predation on recently settled plaice, the main sampling program was designed with regard to this predator. Samples in 2009 were collected at low water in depths <1 m within 2 h of dusk, midnight or dawn. Sampling took place approximately every 5 d during May and early June (Table 1) . Fishing was conducted using a 1.5 m beam trawl fitted with a single spiked tickler chain and a double net (outer net 10 mm stretched diamond mesh; inner 4 mm circular mesh). The trawl was towed manually for ~10 min tow −1 with a minimum of 3 tows per sampling date. Tow distances were recorded using a Garmin GPS and swept areas (m 2 ) estimated as tow distances multiplied by 1.5 m.
Catches from the beam trawl were immediately pre-sorted on the beach into juvenile flatfish and potential predators (mainly shrimp and crabs but also some roundfish). Juvenile flatfish were preserved in 100% ethanol because the samples were also to be used for otolith microincrement analyses, and potential predators were wrapped in foil and flash-frozen using a liquid nitrogen dry-shipper for transfer to the laboratory.
Carcinus maenas were not caught in large numbers in the beam trawl. Occasionally, they were observed to be feeding on juvenile plaice in the net. We therefore collected additional samples of shore crabs using a hand-net and electric torch thus ensuring that crabs and juvenile plaice could not come into contact after capture. Crabs were collected around midnight when they are most active (Burrows et al. 1994 , Ansell et al. 1999 , but this method of collection was only possible on very calm nights and so was limited to 3 occasions. These animals were used for subsequent molecular testing whilst crabs caught by beam trawl were only used to estimate density.
Identification of predators and prey
Juvenile flatfish were identified to spe cies by fin-ray count (Nichols 1971) and their total lengths recorded under an Olympus SZX9 stereomicroscope using a graticule slide (Cambridge Graticules). Fish lengths were not corrected for shrinkage. Although length corrections for juvenile plaice fixed in formalin are available in Lockwood & Daly (1975) , there are no published corrections for ethanol preservation.
To minimise post-mortem degradation of gut contents, potential predators were covered with 80% ethanol and allowed to thaw at room temperature. They were then identified to the lowest practical taxo nomic category and measured as cephalothorax length (CL) for shrimps, cephalothorax width (CW) for crabs and total length (TL) for fish.
Trawl catch data were converted to numbers per 1000 m 2 of swept area but were not corrected for net avoidance, except in density estimates for plaice and Crangon crangon used later for mortality estimation. Catchability estimates for species other than plaice and C. crangon in small beam-trawls are not available.
Analysis of gut contents of potential plaice predators
After being measured, shrimp ≥ 7 mm CL (equivalent to 28.5 mm TL) were stored individually in tubes containing fresh 80% ethanol. Van der Veer & Bergman (1987) reported that shrimps < 30 mm TL are unable to predate juvenile flatfish so shrimps smaller than this were excluded from stomach analyses. Crustaceans with softened exoskeletons were also excluded as feeding largely ceases during ecdysis (Oh et al. 2001) . Stomachs were dissected out from all beam-trawl caught roundfish that were ≥ 44.5 mm TL and all hand-net collected crabs and preserved individually in tubes containing fresh 80% ethanol. All instruments were flame-sterilised between each dissection.
Visual identification of stomach contents
During stomach dissection the following criteria were scored: sex (only for crustacea); gonad stage (only for female crustacea) as 1 (immature, no ovarian thickening), 2 (thickened ovarian diverticula not reaching the cardiac stomach), 3 (ripe, thickened ovarian diverticula extending over the cardiac stomach), or 4 (ovigerous, individuals carrying eggs); and stomach fullness was assigned as 1 (<1/10 of the volume filled), 2 (between 1/10 and half full), or 3 (volume completely filled). Stomach contents were visually examined under the ste reomicroscope and any obvious identifiable remains noted; however stomach contents were not sorted microscopically as this could have increased the risk of cross-contamination of DNA.
Detection of plaice DNA within stomach contents
We used a TaqMan real-time PCR based assay to detect plaice DNA in predator stomachs. This probe is highly species specific and has been tested against (Albaina et al. 2010) . At higher temperatures, digestion proceeds more rapidly and timedetection thresholds are reduced. For organisms showing distinct feeding periods within any 24 h, samples should be collected within, at most, 6 h of the expected peak of feeding.
Whole shrimp stomachs (due to the relatively small sizes of the shrimps) and stomach contents (from crabs and fish) were partially homogenized in 1.5 ml autoclaved Eppendorf tubes containing either 450 μl (Crangon crangon) or 675 μl (Carcinus maenas and fish) of extraction buffer (30 mM Tris, 10 mM EDTA and 1% sodium dodecyl sulphate). Then, 10 μl of proteinase K (Qiagen) was added and the samples digested overnight at 55°C. DNA was purified following a modified salt protocol (Aljanabi & Martinez 1997) using 1.2 ml wells in 96 well blocks (Sarstedt MegaBlock; Crangon crangon) or 1.5 ml Eppendorf tubes (Carcinus maenas or fish). The DNA was resuspended in 100 μl ultrapure H 2 O and stored at −20°C. An extraction blank control (negative control, where no tissue is added to the extraction buffer prior to DNA extraction protocol) was included every 11 samples to detect cross-contamination. DNA yield (ng μl −1 ) and 2 purity indexes, determined from the ab sorbance (A) at different wavelengths (nm; A260/ A280 and A260/A230 ratios), were determined using a NanoDrop ND-1000 spectro photometer. While the yield detection limit is set below 2 ng μl −1 , a ratio >1.8 for both sample ab sorbance indexes is associated with pure DNA (Nano Drop ND-1000 V3.5 User's Manual).
TaqMan assays were run on an Applied Biosystems 7900 real-time sequence detection system following Albaina et al. (2010) . PCR inhibiting compounds are often extracted along with DNA from stomach contents of crustaceans in particular. Albaina et al. (2010) demonstrated that PCR inhibition could be overcome using a combination of the addition of 1.25 μg μl −1 bovine serum albumin (BSA) along with a dilution step. Therefore, the TaqMan assays were run using both a non-diluted and 1/10 dilution for Crangon crangon DNA extracts with yields <100 ng μl −1 (extracting the whole stomach) and for Carcinus maenas <10 ng μl −1 (extracting only the stomach's contents), while the assay was run for a combination of 1/10 and 1/100 dilution for Crangon crangon DNA extracts yielding >100 ng μl Plates were run under real-time conditions on a single dye layer with 2 no template controls (NTCs) and 2 positive controls (DNA extracted from adult plaice muscle tissue) per 96 well plate. The assay was run using 40 PCR cycles with the default cycling conditions; after a first stage of 50°C for 2 min followed by 10 min at 95°C, the run included 40 repetitions (cycles) of a 15 s 95°C stage followed by a 60 s 60°C one. After PCR, the results were analysed using the Sequence Detection Software version 2.3 (Applied Biosystems). A positive ΔRn threshold (as defined in the rtPCR machine manual) of 0.02 was set for the assay and threshold cycle (C t ) values were computed; see Albaina et al. (2010) for further details. All amplification curves were checked visually to remove false positive/negative signals. Chi-square tests were computed to examine differences with categorical variables (sex, gonad stage, stomach fullness index and TaqMan assay result).
Plaice mortality estimated by density decline
Plaice densities were corrected for catchability by beam trawl assuming a fixed catch efficiency of 20% (Wennhage et al. 1997) . Instantaneous mortality for the overall population was then estimated as the linear slope of decline of ln plaice abundance over time from the peak of density (Iles & Beverton 1991) .
Plaice mortality estimated from TaqMan results
As field digestion rates of the set of potential predators tested for plaice DNA ingestion were not compared, comparisons between species are limited. However, estimates of predation induced mortality based on molecular results were limited to Crangon crangon as this was the only potential predator captured consistently across the study. We made 4 simplifying assumptions: (1) a positive TaqMan assay corresponded to a predation event invol ving the killing of a single juvenile plaice; (2) C. crangon exhibit a crepuscular feeding pattern and during the period of darkness only 1 plaice consumption event took place per predator yielding a positive TaqMan result; (3) any predation event occurring within a 24 h period would be detected since the TaqMan assay can detect > 90% of predation events up to 5 h after ingestion (Albaina et al. 2010) ; and (4) few if any positive TaqMan results would come from feeding events which took place > 24 h previously (Albaina et al. 2010) . Then (1) where N p is the mean number of prey consumed over the previous 24 h per unit area, p is the proportion of positive TaqMan assay results from samples of predators collected in any 24 h period, and D C is the estimated density of the predators (≥7 mm CL C. cran gon) per unit area.
Estimates of prey consumption from sampling undertaken just after dawn should detect nearly all feeding events that occurred between the previous dusk and the sampling (the length of night-time on the Scottish west coast from May onwards is < 7 h). Because of the need to sample at low water, this only coincided with dawn for some of the dates. Samples collected around dusk or midnight (Table 1) may have under-estimated total consumption during the previous 24 h since feeding at the previous dawn would be 15 or more h prior to sample collection. In experiments, detection rates varied between 20 and 50% after 15 h post-ingestion de pending on sample processing (Albaina et al. 2010 ). However, because of uncertainties in exactly when animals were feeding we did not attempt to further correct dusk and midnight results.
Both prey and predator densities were corrected for catchability by beam trawl assuming fixed catch efficiencies of 20% for plaice and 50% for shrimp (Wennhage et al. 1997 ). Daily mortality due to shrimp predation was then computed as the fraction of plaice juveniles per unit area eaten by the shrimp: (2) where M d is the daily percentage mortality on any one sampling date, N p is the mean number of prey consumed over the previous 24 h from Eq. (1) and D P is the estimated density of juvenile plaice per unit area.
RESULTS
Community composition
Overall 22 taxa were recorded ( (Table 2) . Growth increased strongly from mid-May onwards with some individual fish attaining 55 mm TL by midJune (Fig. 1) . However, the size range of the population also increased over time so that at the end of the study fish as small as 15 mm TL were still being caught. In late April the density of brown shrimp was ~0.2 ind. m −2 but reached > 2 ind. m −2
by mid-June (Table 2) . The shrimp population consisted of at least 2 cohorts, one present at the start of sampling and one which recruited in early June (Fig. 2) . Crab, along with larger gobies and sandeels, did not show clear temporal patterns in size or abundance, although crab densities increased from the start of mid-May and, if considering 0-group category, fish densities did from June (Table 2) .
Visual identification of stomach contents
Shrimp stomach contents
The stomach contents of 1137 shrimp (CL ≥ 7 mm; non-molting animals) were analysed visually (Table 3) . Stomach fullness was significantly different when comparing sampling dates (p < 0.001; chisquare test) but not for time of sampling (dusk, midnight and dawn; p = 0.11). There was no clear temporal pattern for shrimps with maximum stomach fullness, which fluctuated between 16 and 76% of animals examined (mean 45%, n = 11 surveys). However, when stomach fullness data were pooled by sampling time, the incidence of maximum fullness (Index 3; see Methods section) was slightly higher for samples collected at dawn (49%) compared with midnight (45%) or dusk (40%), possibly reflecting crepuscular feeding behaviour. Crusta cean remains, noted in 28% of shrimp stomachs, consisted mainly of mysids, amphipods, isopods and juvenile Crangon crangon. Annelids were present in ~4% of shrimp stomachs whilst fish remains were found in ~2% of the stomachs. Remains identifiable as flatfish were only found in 0.4% of stomachs while roundfish remains were slightly more common at 0.7%. Clear temporal changes in prey were only apparent for
roundfish, which were found in an increasing percentage of stomachs in June (Table 2) . Shrimp sto mach fullness was significantly affected (chisquare test) by shrimp size (p < 0.001), sex (p < 0.05) and gonad stage (p < 0.001). Larger shrimp were more likely to be mature females and these animals also tended to have lower gut fullness (Tables 4 & A2 in the Appendix).
Crab stomach contents
Only hand-net captured Carcinus maenas, available from 3 dates (25 April, 25 May and 9 June), were used for visual stomach content analysis. These animals (n = 87) had a mean CW of 48.5 mm and were 40% female, of which 22% were ovigerous or about to spawn. Full stomachs (fullness index 3) were found in 61% of the crabs overall. Remains of molluscs occurred in 24% of the dissected stomachs but, apart from 1 stomach containing crustacean remains, there were no other visually identifiable items.
Fish stomach contents
Four species of fish that could be potential predators of juvenile plaice were caught by beam trawl (Table A3 ; 1 individual Agonus cataphractus 99.5 mm TL with an empty stomach was not in cluded). The majority of individuals had full or nearly full sto machs (fullness index 3). The stomachs of sandeels contained mainly unidentified plankton (83% of individuals) but no fish. Goby stomachs contained mostly unidentified plankton (89% of individuals) and crustacea (30% of individuals) but 9% also contained fish. One goby stomach (out of 57) contained remains identifiable as a flatfish. All gurnard stomachs contained crustacea and 1 (out of 5) contained remains identifiable as a flatfish.
TaqMan analyses
Quality of the DNA extraction and control results
The mean DNA yield from Crangon crangon stomachs was 277.9 ng μl −1 with mean purity in dices of 1.94 and 1.59 (260/280 and 260/230 indices respectively). For Carcinus maenas, mean TaqMan results from shrimp stomachs Overall 45% of the 1137 Crangon crangon stomachs analysed gave a positive reaction for plaice DNA (Table 5 ). When pooling individuals by size categories (7 to 8.5, 9 to 10.5 and ≥11 mm CL), sex or gonad stages, no significant differences were re vealed (chi-square test). Differences were significant (p < 0.001; chi-square test) comparing both sampling date and time of sampling. The percentage of positive TaqMan responses by sampling date varied between 20 and 91% (Table 5 ). There was no strong temporal pattern, although there were relatively fewer positive results later in the study (Fig. 3) . Positive detection of plaice DNA in shrimp stomachs increased from ~38% for both dusk and midnight sample collections to 59% in samples collected around dawn (Table 5) , and these differences were statistically significant (p < 0.001; chi-square test). The proportion of positive TaqMan results from C. crangon stomachs was also positively related with estimated plaice density (Fig. 4) .
TaqMan results from crab stomachs
The percentages of Carcinus maenas stomachs testing positive for plaice DNA on each sampling varied from 0 to 12% (Table 5 ). The minimum CW for a crab yielding a positive result was 31.5 mm.
TaqMan results from fish
No sandeel stomachs tested positive for plaice DNA (n = 18), but ~11% of Gobiidae stomachs (n = 57) yielded positive results (Table 5 ). For gur nards 40% gave a positive result, although the sample size was small (n = 5).
Estimation of the predation impact of shrimp on juvenile plaice
Instantaneous population mortality was estimated to be 0.0448 ind. d −l , which corresponded to an absolute mortality rate of 4.4% ind. d −1 (Fig. 5) . The predation impact of shrimp based on the TaqMan results ( Estimated daily mortality due to shrimp based on TaqMan results (Fig. 6 ) was approximately twice that estimated from catch-curve analysis across most of the season (~0.095 and 0.0448 ind. d −l respectively). Although the 2 estimates were of the same order of magnitude, the difference could be generated by a variety of factors including uncertainties in both catch-curve analysis and in the molecular approach. Catch-curve analysis is strongly affected by the accuracy with which target species abundance can be estimated (Burrows et al. 2001 ). The catch efficiency of small beam trawls is known to be related to multiple factors including gear design and rigging, tow speed, organism type and size, and ground and sea conditions (Rogers & Lockwood 1989 , Kuipers et al. 1992 , Wennhage et al. 1997 ). Most of these fac tors are difficult to control and researchers have usually applied relatively simple catch corrections, as in the present study. In 2009, the densities of 0-group plaice at Tralee ranged from 0.21 to 0.86 ind. m −2 (1.1 to 4.3 ind. m −2 corrected for catchability). These values are within the range of previous estimates reported from this site (Burrows et al. 2001 , Nash et al. 2007 ). For means computed from n multiple transects, precision improves as (√ ⎯n) -1 . Precision on our ln density estimates for each sampling should therefore be around ± 0.58 per 1000 m 2 or an order of magnitude lower than the ln observed abundance (Iles & Beverton 1991 . These values bracket a standard error of 0.0145 ind. d −1 in the present study.
Regarding the molecular approach, fin-nibbling of juvenile flatfish by shrimp, as well as failed attacks resulting in wounding, have both been reported (van der Veer & Bergman 1987 and this could result in positive TaqMan results but not in fish mortality. Previous laboratory work (Albaina et al. 2010 ) examined the post-ingestion decay curve for plaice DNA in shrimp stomachs but not the minimum amount of tissue that would need to be ingested to generate a positive TaqMan response. However, since the method is highly sensitive, it may respond to very small quantities of ingested tissue. The second factor that might lead to over-estimation was our sampling approach, which was designed to maximise the probability of detecting predation events. Sampling at low water is commonly used in juvenile flatfish field studies as it concentrates the fish, improving catch rates and thus the precision of abundance estimates (Nash & Geffen 2000 , Burrows et al. 2001 , Fox et al. 2006 . However, the coincidence of low water with dusk, dawn or midnight would concentrate predators and prey together at the time when the shrimp are most likely to be feeding (del NorteCampos & Temming 1994) and would likely result in increased predation (Burrows et al. 2001 ). Predation mortality estimated over a complete tidal cycle might therefore be lower than that reported in the present study because the concentration of predators and prey would not always coincide with peaks in predator feeding. Finally, Naviaux et al. (2005) were able to extract and sequence DNA from common beach sand. They reported sequences from a wide range of taxa dominated by Protista but including some teleosts. Since sand grains were noted in many Crangon crangon stomachs, some of the positive TaqMan results could have resulted from ingested sand, although that is unlikely.
Size dependent predation by shrimp
The relationship between attack success and relative sizes of predator and prey has been well researched for Crangon crangon−plaice interactions. Gibson et al. (1995) showed that around half of attacks succeed when the predator is twice the size of the prey. Based on this result, plaice at the start of sampling in 2009 (mean size 16 mm TL) would have been most vulnerable to attack by shrimp > 32 mm TL. However, at this time only a small proportion of the shrimp were larger than this size (Fig. 2) . As modelled by Burrows et al. (2001) , overall predation impacts are the result of a growth race between predators and prey. By mid-May 2009 the size of the juvenile plaice at Tralee had not increased substantially (Fig. 1) , but a larger proportion of shrimp were > 32 mm TL. We might therefore expect overall vulnerability to be greatest at this time Indeed the highest proportion of positive TaqMan results from shrimp stomachs was found on 16 May (91%), although this was shortly followed by one of the lowest observed proportions (25 May, 23%). also showed that plaice can usually escape attacks by shrimp when their size is larger than three-quarters of the size of the predator. In late May and early June, the largest shrimp at Tralee were between 40 and 50 mm TL (Fig. 2) so only plaice larger than 30 to 38 mm would be very likely to escape. This size refuge is in close agreement with the value of 30 mm quoted by van der Veer & Bergman (1987) . Plaice growth at Tralee in 2009 only accelerated in late May and even at the end of the study ~50% of the fish were still < 30 mm TL. According to Burrows et al. (2001) Table 4 . Crangon crangon. Effect of size on the (A) descriptive criteria for shrimp ≥7 mm cephalothorax length (CL) collected during sampling and (B) occurrence of species in the diet (%) of brown shrimp based on visual stomach content analyses. Data were pooled from all sampling dates exceed 38 mm TL until late July or August and thus be safe from shrimp predation. These conclusions are supported by the TaqMan results, which only showed a small decline in positive reactions towards the end of the study (Fig. 3) . The estimated predation impact (Fig. 6 ) peaked in early June, suggesting that shrimp growth counteracts the overall decline in abundance of plaice of vulnerable size and maintains the rate of shrimp−plaice interactions into early summer. This is again in line with model predictions from Burrows et al. (2001) where predation impact peaked in mid to late May.
Density dependent effects
Densities of Crangon crangon ≥7 mm CL (~30 mm TL) at Tralee in 2009 ranged from 0.14 ind. m −2 in late April to 0.37 ind. m −2 by June (0.28 to 0.74 ind. m −2 respectively corrected for catch ability (Table 2) . Again these values lie within the range previously recorded at this site (Burrows et al. 2001) .
Overall there was a positive, linear relationship between the proportion of shrimp stomachs containing plaice DNA and plaice density (Fig. 4) . This suggests that across the range of shrimp and plaice densities sampled ingestion events were occurring at a constant rate. The effect of availability of alternative prey (e.g. mysids, amphipods, annelids) was not assessed in the present study but should be considered in future work.
Importance of non-shrimp predators
In addition to shrimp, plaice DNA was detected in stomachs of shore crabs, larger gobies and grey gur nard Eutrigla gurnardus. These results confirm earlier studies where flatfish remains have been found in these predators but specifically confirm the prey Table 5 . Pleuronectes platessa-specific TaqMan assay. Molecular detection of plaice DNA in stomachs of (A) shrimp, (B) crab and (C−E) fish. Results are limited to C. crangon ≥7 mm CL, hand-net collected C. maenas and 1 yr+ fish individuals (see 'Materials and methods'). Data are shown for the 11 sampling dates and pooled by time of sampling. See Table 1 for sample collection details. Size range reports the minimum and maximum predator sizes where a positive assay was recorded. CL: cephalothorax length; CW: cephalothorax width; TL: total length identity . TaqMan results suggested that ~6% of shore crabs may have consumed plaice tissue. Based on visual identification of the fore-gut contents of crabs collected at Tralee between June and August, Ansell et al. (1999) re ported a somewhat higher proportion of crabs containing fish remains (55%). The proportions of roundfish and flatfish in June were approximately equal, but by August flatfish were largely absent from the diet (Ansell et al. 1999 ). However, because we observed several incidences of crabs feeding on fish in the beam trawl, the estimates in Ansell et al. (1999) are likely to be artefactually high.
Eutrigla gurnardus has been previously reported as a predator of juvenile plaice (8.3% occurrence; Ellis & Gibson 1995) and our molecular results confirm this observation. For Gobiidae, only consumption of dab and flounder has been previously re por ted (Ellis & Gibson 1995 , but our results suggest that larger gobies will also take juvenile plaice. Piscine predation on juvenile flatfish has been recognised as an important factor on sandy nursery grounds, especially later in the year (Macer 1967 , Edwards & Steele 1968 . A full evaluation of the range of predators taking post-settlement plaice at Tralee Beach would need to utilise different sampling gears (e.g. beach seine) and sampling would need to continue into the summer and autumn. Because the size of the juvenile flatfish prey will be larger by late summer, the application of molecular probes may have less advantage at this time; evaluating this was beyond the scope of the present study.
Advantages and disadvantages of the molecular approach for dietary studies
Visually identifying prey remains is time consuming and requires skilled analysts so results are often restricted to broad categories, e.g. roundfish and flatfish (Pihl & Rosenberg 1984 , Pihl 1985 , del NorteCampos & Temming 1994 , Ansell et al. 1999 , Oh et al. 2001 , Chen et al. 2004 , Baeta et al. 2006 . In the present study, 5 Crangon crangon stomachs contained flatfish remains but only 3 gave positive TaqMan responses, indicating that the shrimp were also eating flatfish other than plaice (probably dab or flounder). Since positive visual identification of small juvenile flatfish requires fin-ray counts (Nichols 1971) and this is usually impossible with partially digested material, the application of molecular techniques represents a significant advance in improving distinction between prey species. The molecular approach was also able to detect plaice DNA even when there were no visually identifiable fish remains in the stomachs, e.g. in shore crabs and in C. crangon of 7 to 8.5 mm CL. Experiments using the TaqMan approach have also shown that plaice DNA is detectable in > 90% of individual shrimp for up to 5 h post-ingestion (Al baina et al. 2010) . This is (1987) suggested that the 80% detection limit for plaice consumed by shrimp was only 2 to 3 h. Longer detection times are clearly advantageous for field studies so that sampling does not need to be so tightly tied to peaks of feeding activity. A significant disadvantage of present molecular methods for diet studies is that they cannot easily be used to estimate the amounts of prey ingested. Although future developments combining quantitative PCR with fragment-length analysis may have the potential to overcome this limitation (Deagle et al. 2006 , Troedsson et al. 2009 ), we were forced to make several simplifying assumptions in order to convert the binary TaqMan response to estimates of mortality. The main assumption was that each positive TaqMan result corresponded to a single plaice consumed. In experiments, handling times of plaice by shrimp varied from almost instantaneous up to 5 h depending on the relative sizes of the predator and prey . However, consumption rates are the result of a combination of handling, satiation and digestion times and there are rather few reports on consumption rates by individual Crangon crangon. Van der Veer & Bergman (1987) showed that large shrimp (> 60 mm TL) can consume an average of ~0.7 plaice (< 25 mm TL) per predator in a 12 h period. Consumption rates for both smaller shrimp and larger prey were lower. In experiments conducted by Wennhage (2002) shrimp (32 to 38 mm TL) could consume up to 4 plaice each over 12 h, but this only occurred at very high prey densities (> 32 plaice m −2 ). At prey densities comparable to the present study (~1 to 5 prey m −2 net avoidance corrected), average consumption dropped to 1 prey or less. However, since these experiments were conducted with 3 predators in each arena, whether each shrimp was consuming partial prey or some shrimp failed to catch any prey at these low densities is unclear. Our assumption of single feeding events does not therefore seem unreasonable, although we cannot eliminate the possibility that several shrimp were feeding on individual prey. The over-estimation of shrimp predation by TaqMan could also be due to partial feeding, i.e. fin nibbling and shrimp abandoning non-lethally wounded prey, or to predators and prey being concentrated at peak feeding times (see 'Discussion: Predation and mortality rates'). Alternative routes by which prey DNA might get into the guts of predators include secondary predation and scavenging (King et al. 2008) . While secondary predation of juvenile plaice by shrimp would be highly unlikely, scavenging (including cases of >1 shrimp feeding from a single plaice) probably does occur. Macer (1967) also reported that 0-group plaice were found in up to 20% of stomachs of 1-group plaice so cannibalism may represent an additional source of predation at Tralee that cannot be detected using the present TaqMan approach.
In conclusion, molecular detection of plaice DNA provided a sensitive technique that allowed rapid screening of large numbers of predator stomachs from Tralee Beach. The importance of the brown shrimp as a consumer of recently settled plaice was confirmed and additional potential predators such as shore crab, gurnard and gobies were identified. For 
